Lens fibre differentiation is a life-long process related with lens transparency, and is particularly intense during development, being related with an FGF-2 antero-posterior gradient at the equator level as the main growth factor involved which has been related with the basal membrane of the lens anlagen known as "Lens capsule". However the lens fibre differentiation induced by FGF2 depends, as in other biological systems, on the local bioavailability of FGF-2 regulated by their relationship with extracellular matrix molecules as Heparan Sulphate Proteoglycans. Here, we try to clarify how Perlecan (a heparan sulphate proteoglycan specific from basement membranes) is involved in lens fibre differentiation at earliest stages of eye development. Our results show that Perlecan, is a major component in the lens capsule during the earliest stages of lens development in chick embryos being present during lens plate induction, lens vesicle stage and the onset of lens fibre differentiation. In order to demonstrate a direct involvement of HSPG-Perlecan in lens fibre differentiation, we generate depleted lenses by HSPG-Perlecan synthesis disruption and specific enzymatic digestion. The HSPG-Perlecan depleted lens show a significant delay or abolition in the lens fibre differentiation which remains in an immature cells displaying DNA synthesis in the posterior epithelium and a decrease in FGF2 lens expression. These data support the hypothesis that lens capsule HSPG-Perlecan is a key molecule involved in lens fibre differentiation during development, probably by involvement in FGF-2 biodisponibility.
Introduction
From early development, lens vesicle epithelial cells undergo a differentiation process towards primary lens fibre, and these cellular dynamics remain throughout life with cell replication in the anterior epithelium and migration through the equatorial (peripheral) area towards the posterior epithelium, in which cells differentiate in lens fibres [1] . This cellular behaviour associated with lens fibre differentiation is restricted later at foetal and adult periods, to the equatorial area. Despite the involvement of growth factors like IGF-I and TGF-β has been reported in lens fibre differentiation [2] [3] [4] , the FGF-2 remains as the strongest candidate in the regulation of lens fibre differentiation during development both in rodents and chick [5] [6] .
Currently, however, modulators of growth factor signalling in lens fibre differentiation induced by FGF-2 are seen to be influential and two kinds of mechanisms have been proposed. One is based on molecules able to repress the FGF2 activity such as "sprouty" and "sef" families of genes, which are strongly expressed in the lens anterior epithelium exerting a repressive action in FGF-2 lens cells signalling and maintain their epithelial state [7] [8] . The other mechanism proposed is that of regulation of FGF-2 bioavailability and receptor activation by the extracellular matrix proteoglycans, as described for Heparan Sulphate proteoglycans in many biological systems [9] [10] . In this context, there are previous reports of the presence and involvement of proteoglycans in several aspects of early lens development [11] [12] ; in addition, special attention has been given to the influence of the CSPG and HSPG of the lens capsule in lens fibre differentiation in birds and mammals [13] [14] , suggesting that HSPG from the lens capsule might be involved in lens fibre differentiation by FGF-2 activity regulation [15] . However, experimental support for this relation is necessary.
In this paper, we show the expression pattern of Perlecan A besal membrane HSPG in the lens capsule at the earliest stages of chick embryo lens development, and we provide experimental support of direct relation between lens capsule HSPG-Perlecan and lens fibre differentiation during chick eye development.
Materials and Methods

Obtaining Chick Embryos and Experimental Approach
Fertile white hybrid hens eggs were incubated at 38˚C in a humidified atmosphere to obtain chick embryos at different developmental stages, ranging from 13 to 25 H.H. [16] , in order to study the expression pattern of HSPG-Perlecan. A total of 20 embryos were incubated up to stage 17 H.H. (corresponding to that of the lens vesicle, prior to differentiation of lens fibres), at which a single dose of 24 μl β-D-xyloside (a sulphated proteoglycans synthesis disruptor) 4 mM (Sigma) was injected subgerminally with a Hamilton microsyringe [12] , and the eggs were reincubated for 24 hours until stage 23 H.H. (corresponding to the development of lens fibres). Controls (15 embryos) used in the experiment were treated with a sterile saline solution with the same procedure. All the animal handling and procedures were supervised by the research and welfare service from the Valla-dolid University.
A total of 30 embryos were treated with heparinase as follows: once embryos reached stage 17 H.H., a small opening was made in the shell to expose the right eye of the embryo, after which the vitelline membrane was cut with tungsten needle and 12 nl of a heparinase II solution from Flavobacterium heparinum (Sigma) (10 U of enzyme dissolved in 25 μl of PBS), was microinjected into the subectodermal space in the area of the lens equator. As controls, we microinjected 15 embryos with the same amount of heat-inactivated enzyme as for the enzyme treated. Microinjection was performed with a microinjector (Medical Systems Corp, Greenvale, NY 11548, U.S.A, PLI-100). Following this, the eggs were sealed and re-incubated for a period of 18 hours until stage 21 H.H.
In both cases (β-D-xyloside and heparinase II treatment) a single dose of 200 nl of BrdU (0.3% solution) was microinjected in the outflow of the heart just 1 hour before the end of the reincubation period. The embryos were then removed from the extraembryonic membranes and fixed for 1 hr in Carnoy's.
Immunohistochemistry
Histological sections (8 μ) from five different lens anlagen at each stage were washed in phosphate-buffered saline (PBS), pre-incubated with normal horse serum (1/20 in PBS) and incubated overnight at room temperature with a 1:1000 dilution of Anti Heparan Sulphate-Perlecan monoclonal antibody (Upstate Biotechnology). After two washings in PBS, the sections were reincubated for 30 minutes in fluorescein-conjugated goat anti-rat Ig-G FITC conjugate (Sigma) as a secondary antibody, mounted in Aquamount (Gurr) and examined under a Leica SPE laser confocal microscope. Control sections were prepared as described above but pre-immune serum was used as the primary antibody and no labelling was observed.
In others cases, lens anlagen histological sections (8 μm) were deparaffinised and BrdU was detected following standard procedures [17] . The sections were incubated in a solution containing a 1/100 dilution of monoclonal antibody to BrdU (Dako) for 30 minutes at room temperature. An avidin-extravidin system conjugated to peroxidase (mouse anti-rabbit 1/20 for 30 minutes and extravidin 1/20 for 10 minutes; Sigma) was used to detect the primary antibody and was developed with DAB. A Nikon microphot-FXA photomicroscope was employed to visualize and photograph the preparations.
In other cases, lens anlagen frozen sections (5 μm) were used to detect FGF2 following standard procedures. The sections were incubated in a solution containing a 1/1000 dilution of monoclonal antibody to FGF2 (anti-bovine FGF2 antibody from Sigma) for 30 minutes at room temperature. An ExtrAvidin stainig Kit antimouse system conjugated to peroxidase (from Sigma) was used to detect the primary antibody and was developed with DAB. A Nikon microphot-FXA photomicroscope was employed to visualize and photograph the preparations.
Finally, lens anlagen histological sections (8 µm) were deparaffinised, dehydrated and stained with Haematoxilin-Eosin technique following standard pro-cedures. We used a Nikon microphot-FXA photomicroscope to visualize and photograph the preparations.
Results
Immunohistochemical Detection of HSPG-Perlecan during Early Lens Development
In this study we have used a monoclonal antibody which recognizes Perlecan, a type of Heparan Sulphate Proteoglycan present in basement membranes [18] [19] [20] . As we show in Figure 1 , the antibody specifically labels basement membranes in the eye anlagen, including the surface ectoderm, lens and optic cup, at different stages of development.
At stage14 H.H., we show ( Figure 1 
Disruption of Lens HSPG Alters Normal Lens Fiber Growth and Differentiation
With the aim to test the role of Heparan Sulphate-Perlecan proteoglycan on lens development, especially in the differentiation of lens fibres from epithelial cells, we carried out two experimental approaches: first, we used β-Dxyloside, a xylosiltransferase substrate which disrupts the assembly of sulphated proteoglycans including different forms of HSPG [21] ; secondly, we used Heparinase (Figure 3(i) ).
Discussion
Our results demonstrate that Perlecan, a macromolecule specific for basement membranes, is a ubiquitous and permanent component of the lens capsule during the first stages of lens fibre differentiation. Our results also strongly suggest that Perlecan is involved in regulating lens cell behaviour, playing a key role in lens fibre differentiation, probably in association with lens capsule FGF-2 activity.
The lens capsule has been described as a specific extracellular matrix structure which isolates the lens from its surroundings, and has been shown to be a key structure in controlling lens cell behaviour, regulating the outside-inside traffic signals (Danysh [15] . Here we described the presence of Perlecan in chick embryo lens at earliest stages of development which include the beginning of the lens fibre differentiation. Although other proteoglycans have been shown to be present in the lens capsule, the main sulphated proteoglycan related with early lens development is HSPG [24] , which has been proposed to be related with the control of lens cell behaviour given its growth factor binding properties [25] [14]. Previous studies by [26] have reported the presence of Perlecan in chick developing lens from morula to 17 H.H. stage, so during lens plate induction and invagination to form the lens vesicle but this period does not include the beginning of the lens fibre differentiation; at these stages, Perlecan could be related with invagination morphogenetic mechanisms such as has been described in otic placode invagination [27] . Furthermore they describe a strong Perlecan expression in the lens without specific localization. Here we report a precise description of HSPG-Perlecan during lens vesicle period and also during lens fibre differentiation stages showing that Perlecan expression is restricted to the lens capsule.
The use of β-D xyloside or Heparinase II (specific for HSPG molecules) treatment in our experimental approach, with similar results, demonstrates that lens fibre differentiation is disrupted by the depletion of some kinds of lens HSPG. As we comment before, β-D xyloside disrupts the synthesis of sulphated proteoglycans [28] , including Heparan sulphate and Chondroitin Sulphate
Proteoglycans which also have shown to play several important roles during early eye development [13] β-D_xyloside treatment could be due, at least in part, to the disruption of other proteoglycans than HSPG. However, here we report experimental evidences that lens development disruption than the treatment made with Heparinase II and is coincident with Perlecan depletion in the lens capsule, so we can conclude that our results are generated by HSPG-Perlecan lens depletion. Some studies described the presence of non specific HSPG located in the lens capsule during development [14] [15] . This work highlights the key role of Per-lecan (a complex macromolecule rich in heparan sulphate [34] ), in lens fibre differentiation at early chick development. Supporting our results, an important role for Perlecan has been proposed by Rossi et al. [35] The lens is a biological structure in which two differentiated but interdependent cellular sub-populations coexist with transitional cellular behaviour (replication, migration and differentiation); the location is in the equatorial area and duration is life-long. A complex control involves many different molecular events in which FGF2 activity remains, to date, the main and initial regulatory mecha- [48] . Moreover, the biological activity of lens capsule Perlecan could be regulated by an equilibrium between the synthesis of Perlecan by the lens fibres [39] , which regulate the concentration of FGF2, and the activity of Metalloproteinases such as MMP2 in the lens capsule, which regulates the release of free FGF2 from this reservoir; this has been demonstrated in the adult cow lens [15] [36].
Taken together, all these data strongly support the hypothesis that the extracellular matrix organised as lens capsule plays a key role in lens fibre differentiation during development. This influence seems to be due in a great extent to their content in Perlecan which probably acts as FGF2 concentration regulator.
